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Distinct Subunits in Heteromeric Kainate Receptors Mediate
Ionotropic and Metabotropic Function at Hippocampal
Mossy Fiber Synapses

Arnaud Ruiz,"* Shankar Sachidhanandam, Jo Kristian Utvik,? Fran¢oise Coussen,' and Christophe Mulle!
"Laboratoire de Physiologie Cellulaire de la Synapse, Centre National de la Recherche Scientifique, Unité Mixte de Recherche 5091, Université Bordeaux 2,
33077 Bordeaux, France, and 2Centre for Molecular Biology and Neuroscience, Institute of Basic Medical Sciences, University of Oslo, N-0317 Oslo, Norway

Heteromeric kainate receptors (KARs) containing both glutamate receptor 6 (GluR6) and KA2 subunits are involved in KAR-mediated
EPSCs at mossy fiber synapses in CA3 pyramidal cells. We report that endogenous glutamate, by activating KARs, reversibly inhibits the
slow Ca*"-activated K * current I, and increases neuronal excitability through a G-protein-coupled mechanism. Using KAR knock-
out mice, we show that KA2 is essential for the inhibition of I ,;;, in CA3 pyramidal cells by low nanomolar concentrations of kainate, in
addition to GluR6. In GluR6 ~'~ mice, both ionotropic synaptic transmission and inhibition of I, , ;;» by endogenous glutamate released
from mossy fibers was lost. In contrast, inhibition of I, ;;, was absent in KA2 ~'~ mice despite the preservation of KAR-mediated EPSCs.
These data indicate that the metabotropic action of KARs did not rely on the activation of a KAR-mediated inward current. Biochemical
analysis of knock-out mice revealed that KA2 was required for the interaction of KARs with Ga; ,-proteins known to be involved in I,y p
modulation. Finally, the ionotropic and metabotropic actions of KARs at mossy fiber synapses were differentially sensitive to the
competitive glutamate receptor ligands kainate (5 nm) and kynurenate (1 mm). We propose a model in which KARs could operate in two
modes at mossy fiber synapses: through a direct ionotropic action of GluR6, and through an indirect G-protein-coupled mechanism

requiring the binding of glutamate to KA2.
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Introduction

Kainate receptors (KARs) play a critical role in the regulation of
neuronal circuits and synaptic plasticity in the brain (Kullmann,
2001; Huettner, 2003; Lerma, 2003). In the hippocampus,
postsynaptic KARs mediate an EPSC with slow kinetics in CA3
pyramidal neurons (Castillo etal., 1997; Vignes and Collingridge,
1997; Mulle et al., 1998), thus providing a temporal summation
of synaptic signals transmitted by dentate granule cell axons, the
mossy fibers. In addition to ionotropic signaling involving KARs,
KAR agonists have been reported to reduce transmitter release by
a G-protein-mediated activation of phospholipase C (PLC) and
protein kinase C (PKC) (Rodriguez-Moreno et al., 1997; Cunha
et al., 2000; Frerking et al., 2001). KARs functionally coupled to
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G-proteins inhibit N-type Ca*>* channels in dorsal root ganglia
neurons (Rozas et al., 2003), under conditions that do not require
ion permeation through the KAR channel. Recently, it has been
shown that postsynaptic KARs enhance CA1 pyramidal cell ex-
citability by inhibiting the slow afterhyperpolarization (sAHP)
generated by a voltage-independent, Ca** dependent K™ cur-
rent (I,yyp) (Melyan et al., 2002, 2004). This inhibition of I,
was prevented by inhibitors of G-protein-dependent cascades
and was mimicked by a high-frequency train of stimuli designed
to activate Schaffer collaterals projecting onto CAl pyramidal
cells (Melyan et al., 2004). Furthermore, a similar I, ,;;p-mediated
increase in CA3 pyramidal cell excitability was observed during
bath application of KA (Fisahn et al., 2004, 2005). Thus, evidence
builds up that KARs can operate in two modes: (1) by a well
characterized ionotropic action and (2) by an indirect regulation
of ion channels through activation of G-proteins. The mecha-
nisms underlying the metabotropic action of KARs remain to be
elucidated, because KARs do not belong to the metabotropic
glutamate receptor (mGIuR) family, which comprise seventh
transmembrane receptors directly coupled to specific
G-proteins.

Functional studies in KAR subunit mutant mice have demon-
strated that CA3 pyramidal neurons express KARs composed of
GluR6 and KA2 subunits (Mulle et al., 1998; Contractor et al.,
2003), consistent with anatomical studies (Petralia et al., 1994;
Bureau et al., 1999; Darstein et al., 2003). At present, the role of
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the KA1 and KA2 subunits in the function of native KARs is
unclear. Both KA1 and KA2 have a significant higher affinity for
KA than do GluR5-GluR7 (Werner etal., 1991; Herb et al., 1992).
When expressed in heterologous systems, KA1 and KA2 subunits
do not form functional homomeric receptor channels but rather
coassemble with GluR5-Glu7 to modulate pharmacological and
biophysical properties of recombinant KARs (Huettner, 2003;
Lerma, 2003). Ionotropic signaling mediated by postsynaptic
KARs at hippocampal mossy fiber synapses requires the GluR6
subunit (Mulle et al., 1998). In KA2 ™/~ mice, KAR-EPSCs dis-
play reduced decay kinetics in KA2 ™/~ mice (Contractor et al.,
2003), although their amplitude is not significantly different
from that measured in the wild type (Contractor et al., 2003).
Thus, KA2 participates in postsynaptic KARs in CA3 pyramidal
cells but is not required for their ionotropic function.

In this study, we show that low nanomolar concentrations of
KA inhibit I 5;p in CA3 pyramidal cells and that KAR activation
at mossy fiber synapses mimics this depression. By taking advan-
tage of mice with specific deletions of either GluR6 or KA2, we
describe a novel role for the high-affinity kainate receptor sub-
unit KA2 in the brain. We show that KA2 is required for the
metabotropic function of postsynaptic KARs. We propose that
postsynaptic KARs operate in a bimodal manner through distinct
binding sites for endogenous glutamate on GluR6 and KA2 sub-
units, and we show that these two sites can be dissociated by both
genetic and pharmacological tools.

Materials and Methods

Electrophysiology. Transverse hippocampal slices (350 um thick) were
obtained from 2- to 4-week-old C56BL/6, GluR6 ~/~, KA2 /7, and
GluR5/6 ~/~ (on a hybrid 129Sv X C57BL/6 background) mice and were
stored in an interface chamber for at least 1 h before transfer to a sub-
mersion recording chamber. The storage and perfusion solution con-
tained the following (in mm): 119 NaCl, 2.5 KCl, 1.3 MgSO,, 2.5 CaCl,,
26.2 NaHCOj3, 1 NaH,PO,, and 11 glucose (gassed with 95% O,/5%
CO,, 23-25°C). Whole-cell and perforated-patch recordings were made
from CA3 pyramidal cells under infrared differential interference
contrast imaging. The following drugs were used to block AMPA,
NMDA, GABA,, mGluRs, and GABA} receptors: GYKI 53655
[1-(4-aminophenyl)-3-methylcarbamyl-4-methyl-7,8-methylenedioxy-
3,4-dihydro-5H-2,3-benzodiazepine] (50 um), D-2-amino-5-phos-
phonovalerate (APV) (50 um), picrotoxin (PTX) (100 um), LY 341495
[(2S)-2-amino-2-[(18S,2S)-2-carboxycycloprop-1-yl]-3-(xanth-9-yl)
propanoic acid] (100 wm), and CGP 55845 [(2S)-3-{[(15)-1-(3,4-
dichlorophenyl)ethyl]Jamino-2-hydroxypropyl) (phenylmeth-

yl)phosphinic acid] (5 pum). TTX (1 um) was added to the perfusion
solution to block action potential-dependent transmitter release, except
for current-clamp experiments and for electrical stimulation of synaptic
inputs. In the latter experiments, the Na?* channel blocker QX314-Br
[2(triethylamino)-N-(2,6-dimethylphenyl) acetamine-bromo] (5 mwm)
was added to the internal pipette solution to prevent action potential
generation. Tetraethylammonium (TEA) (5 mm) was routinely included
in the mixture of antagonists to facilitate calcium spikes and reliably
evoke I 5 i;p- Whole-cell pipettes used to record I ,;;p contained the fol-
lowing (in mm): 120 K-methylsulfate, 8 NaCl, 10 HEPES, 0.2 EGTA, 2
MgATP, and 0.3 Na;GTP, pH 7.2 (osmolarity, 295 mOsm). The meth-
ylsulfate anion was used because it has been shown to preserve I ,;;p in a
form similar to that observed with sharp electrode recordings (Lancaster
and Adams, 1986). Current-clamp experiments were performed with a
solution that contained the following (in mm): 120 K-gluconate, 8 NaCl,
10 HEPES, 0.2 EGTA, 2 MgATP, and 0.3 Na;GTP. The access and input
resistances were monitored throughout the experiments using a voltage
step. The access resistance was <20 M{) in whole-cell experiments, and
results were discarded if it changed by >20%. For perforated-patch re-
cordings, nystatin (10 mg/ml) was dissolved in acidified methanol. This
stock solution was diluted with internal pipette solution just before use to
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a final concentration of 100-200 ug/ml. Pipettes were backfilled with
solution containing QX314-Br to monitor action potential blockade in
case the perforated-patch configuration was lost. Steady-state access re-
sistance of 40—60 M) was obtained 20—40 min after formation of a
gigaseal. I, ;p was elicited with intrasomatic depolarizing current pulses
(duration, 80 ms; amplitude, 50 mV) every 30—60 s. Extracellular stimuli
(stimulus duration, 50 us; frequency, 20—-100 Hz; 1 s interval) used to
evoke conditioning trains of EPSCs or EPSPs in CA3 pyramidal cells were
delivered viaa monopolar electrode positioned in the dentate granule cell
layer such as to maximize mossy fiber responses. Mossy fiber responses
were characterized by the marked facilitation of PSCs after switching
stimulus frequency from 0.1 to 1 Hz and by their sensitivity to the group
2/3 mGluR agonist (2S5,1'S,2’S)-2-(carboxycyclopropyl)glycine
(LCCG-1) (10 mm) added to the perfusion medium at the beginning of
experiments, before blocking mGluRs with LY 341495. In a separate set
of experiments, the stimulating electrode was placed in the distal region
of stratum radiatum to activate the perforant path, but no attempt was
made to distinguish between medial and lateral inputs to CA3 pyramidal
cells. The associative/commissural pathway was activated by placing the
stimulating electrode in the CA3 stratum radiatum. Recordings were
made using an EPC 8.0 amplifier (HEKA Elektronik, Lambrecht/Pfalz,
Germany) and were filtered at 0.5-1 kHz, digitized at 1-5 kHz, and stored
on a personal computer for additional analysis (IGOR PRO 5.0; Wave-
Metrics, Lake Oswego, OR). I, ;;p amplitude was measured 350-500 ms
after the depolarizing voltage step to minimize the contribution of the
medium AHP (Martin et al., 2001). Statistical comparisons were made
using Student’s paired ¢ test or Wilcoxon’s sum rank test for unpaired
data when appropriate. K-methylsulfate was obtained from ICN Bio-
medicals (Irvine, CA), and other chemicals were from Tocris Cookson
(Ballwin, MO) or Sigma (St. Louis, MO).

Immunocytochemistry and immunoblotting. We used the method of
Yoneyama et al. (2004). In brief, 5-week-old mice were killed by decap-
itation, and the brains were taken out and quickly frozen. Sections were
cut on a cryostat and fixed in Carnoy’s solution containing 6:1 ethanol
and acetic acid for 15 min at 4°C. The sections were subsequently sub-
jected to peroxidase quenching with 0.9% H,O, in PBS for 30 min. The
sections were incubated 1 h in blocking buffer containing 1.5% normal
goat serum and 0.1% Triton X-100 in PBS, before they were incubated
with anti-GluR6/7 and anti-KA2 antibody (Upstate Biotechnology, Lake
Placid, NY) in blocking buffer at 4°C overnight. Sections were rinsed
before they were incubated with donkey anti-rabbit antibody coupled to
biotin (Amersham Biosciences, Arlington Heights, IL) in blocking solu-
tion for 30 min at room temperature. The sections were further rinsed
and incubated in a solution of avidin and biotinylated peroxidase at
room temperature for 30 min (ABC kit; Vector Laboratories, Burlin-
game, CA). Sections were rinsed and subsequently reacted with 0.7
mg/ml 3,3’-diaminobenzidine tetrahydrochloride in 60 mm Tris buffer
containing 0.02% H,O, (FASTTM; Sigma).

For immunoblotting, brain membranes from different mouse geno-
types were purified as by Coussen et al. (2002). Twenty micrograms of
membranes were loaded on a 8% acrylamide SDS gel. Western blots were
reprobed for tubulin (catalog #T4026; Sigma) to verify the amount of
proteins loaded on each lane. For immunoprecipitation, brain mem-
branes were purified and solubilized with 1% Triton X-100 as by Coussen
et al. (2002). Two milliliters (5 mg of proteins) of Triton X-100 extract
were incubated with 3 ul of anti-GluR6/7 antibody (catalog #06-309;
Upstate Biotechnology, Lake Placid, NY) and 30 ul of protein-G Sepha-
rose overnight at 4°C. Resins were then washed with the loading buffer
containing 500 mM NaCl and resuspended in SDS sample buffer. West-
ern blots were probed with an anti-GluR6/7, anti-KA2 (catalog #06-315;
Upstate Biotechnology, Lake Placid, NY) and anti-Ge,,, (catalog
#371754; Calbiochem, La Jolla, CA) antibodies. Pictures of the blots were
taken with the ChemiGenius 2XE apparatus under the control of
GeneSnap program. Quantities of proteins of interest were analyzed by
densitometry with the corresponding Genetool analysis program (Syn-
gene, Frederick, MD).
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Figure1. Activation of high-affinity binding KAR subunit KA2 by low nanomolar concentra-
tions of KAmodulates/, ,,, in CA3 pyramidal neurons. A, I, amplitude (mean == SEM) plotted
against time (n = 4), showing a reduction evoked by bath perfusion of 5 and 50 nm KA (open
squares and filled circles, respectively). A gentle rundown was observed when no KA was ap-
plied (open circles). Insets show sample traces of I, before and after KA application (average
of 5 consecutive traces). B, Dose—response curve for KA-induced inhibition of /,,, and relative
changes in somatic holding current obtained in wild-type mice (a given KA concentration was
tested in at least 3 cells; n = 21). Data from KA-induced inhibition of /5, were fitted with the
least-square method, which gave an EC, of 6 nw. Inhibition of ,,, 0ccurred at low doses of KA
(5-50 nm) without a significant shift in somatic holding current. C, Average of five consecutive
traces taken before and after application of 50 nw KA in GluR6 ~/~ and KA2 ~/~ mice. D,
Dose—response curves for KA-induced inhibition of /.5, obtained in GIuR6 ~/~ and KA2 ~/~
knock-out mice (n = 4 cells for each concentration, from 5 GluR6 ~/~ and 5KA2 '~ mice).
The dose—response relationship obtained with low concentrations of KA in wild-type was re-
plotted for comparison. CA3 pyramidal cells were held in voltage clamp at —60 mV with a
K-methylsulfate-based solution, in the presence of TTX (1 rem), TEA (5 mm), PTX (100 um), CGP
55845 (5 pum), APV (50 pum), LY 341495 (100 rem), and GYKI 53655 (50 wum), to block voltage-
dependent Na 2+ and K channels, GABA, and GABAg receptors, NMDA receptors, metabo-
tropic glutamate receptors, and AMPA receptors. The bar charts show mean = SEM values.
*p < 0.05. Ctrl, Control.

KA concentration (nM)

Results

Regulation of I ,;p in CA3 pyramidal cells by low nanomolar
KA concentration

I app Was elicited in CA3 pyramidal cells with intrasomatic depo-
larizing current pulses (duration, 80 ms; amplitude, 50 mV) every
30-60 s. Under these conditions, I 5;;p amplitude was 77 = 11
PA (mean * SEM) and decayed with a time constant of 3.8 =
0.6 s (n = 21). After KA (50 nm) application, the amplitude of
I ayp irreversibly decreased by 75 * 8% and reached a plateau
after 20 min (n = 4) (Fig. 1A). In the absence KA, I ,;;» ampli-
tude was decreased by only 21 = 8% (n = 6) (Fig. 1A) 60 min
after breaking into whole cell. The effect of KA on I,y was dose
dependent, with an ECs, of 6 nm (Fig. 1 B). At this concentration,
KA inhibited I, ,;;p without significant variation in somatic hold-
ing current (Fig. 1 B) and input resistance (supplemental Fig. 1A,
available at www.jneurosci.org as supplemental material), con-
sistent with ionotropic and non-ionotropic effects of KA. Higher
concentrations of KA evoked inward currents (200 nm KA, 184 +
10 pA; n = 3), as described previously (Castillo et al., 1997; Mulle
et al., 1998). Preincubating slices with the AMPA/KA receptor
antagonists CNQX (20 um) or NBQX (50 uMm) blocked the inhi-
bition of I, observed with low doses of KA (supplemental Fig.
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1 B, available at www.jneurosci.org as supplemental material). As
in CA1 pyramidal cells (Melyan et al., 2002), the application of
the PKC inhibitor calphostin C (1 uMm) and the PTX-sensitive
G-protein blocker N-ethylmaleimide (50 um) attenuated the KA-
evoked reduction of I ,yp (supplemental Fig. 1C, available at
www.jneurosci.org as supplemental material). These data show
that KAR activation by low nanomolar concentration of KA trig-
gers a long-lasting inhibition of I ,;;p in CA3 pyramidal cells
without activating a detectable inward current, by acting via a
cascade of cellular events that mobilizes G-proteins and PKC
(Melyan et al., 2002; Fisahn et al., 2005).

The high-affinity KAR subunit KA2 regulates I ,5p

To identify the subunits mediating the modulation of I yp, we
measured the effect of KA in GluR6 ~/~ or KA2 ~/~ mutant mice
(Mulle et al., 1998; Contractor et al., 2003). We observed no
significant differences in I ,yp characteristics obtained from
GluR6 '~ (n = 9) and KA2 /™ (n = 10) mice compared with
wild-type mice, in terms of peak amplitude (65 = 9 and 90 = 15
pA for GluR6 ~/~ and KA2 ~/~ mice, respectively) and decay time
constant (5.0 = 1.5 and 5.9 * 1.3 s for GluR6 '~ and KA2 ~/~
mice, respectively) (supplemental Fig. 1C, available at www.
jneurosci.org as supplemental material). KA had no significant
effect on I ,;;p amplitude in either GluR6 '~ or KA2 '~ mutant
mice at concentrations up to 25 nm (Fig. 1C,D). These results
imply that, in addition to GluR6 (Fisahn et al., 2005), KA2 sub-
units are required for the depression of I ,;;» observed with low
nanomolar KA concentration. We formulated the hypothesis
that the lack of effect of KA on I ,;p in GluR6 /~ mice was
indirectly attributable to the loss of the KA2 protein. Indeed,
GluR6 has a relatively low affinity for KA compared with the KA2
subunit (Bettler et al., 1992). We thus examined hippocampal
sections from wild-type, GluR6 /= and KA2 ™/~ mice with anti-
GluR6/7 and anti-KA?2 antibodies. In wild-type mice, both anti-
bodies prominently labeled stratum lucidum in which mossy fi-
bers contact CA3 pyramidal cells, thus confirming previous
results (Petralia et al., 1994). Hippocampal sections from
GluR6 ~/~ mice were not immunoreactive for GluR6/7 and were
also devoid of immunoreactivity with antibodies against KA2. In
contrast, GluR6/7 immunoreactivity was present normally in
stratum lucidum of KA2 '~ mice (Fig. 2A). In Western blots
from hippocampal membrane preparation, the band labeled by
the specific KA2 antibody was decreased by 87 = 8% in
GluR6 ™/~ mice (different from wild-type with p < 0.01; n = 5),
suggesting that the amount of KA2 protein critically depends on
that of GluR6 (Christensen et al., 2004) (Fig. 2B). In total brain,
the level of KA2 protein returned to normal in transgenic mice, in
which inactivation of GluR6 was rescued by a myc-GluR6 trans-
gene under the control of the a-calcium/calmodulin-dependent
kinase IT promoter (Coussen et al., 2002) (data not shown). Thus,
the lack of regulation of I , ;4 by low nanomolar KA in GluR6 '~
mice can be attributed to the indirect downregulation of KA2.
Altogether, our results support the notion that the high-affinity
KA binding subunit KA2 is necessary for I ,;p regulation by
KARs.

In CA1 pyramidal cells, the G-protein Ga, is responsible for
the modulation of I ,p by muscarinic and glutamatergic ago-
nists (Krause et al., 2002). We performed coimmunoprecipita-
tion experiments to determine whether native KARs are associ-
ated with Ga, using an antibody that recognizes both G, and
Gay; The anti-GluR6 antibody immunoprecipitated both GluR6
and KA2, which form heteromers in native KARs (Fig. 2C)
(Wenthold et al., 1994). In wild-type and GluR5 ~/~ mice, Gagny
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was also immunoprecipitated under the same conditions with an
anti-GluR6 antibody. In keeping with the hypothesis of a specific
role for KA2, the biochemical interaction of Gay,;; with KARs
was lost in KA2 ™/~ mice (n = 4), albeit in the presence of GluR6.
In wild-type mice, when the KA2 subunit was immunoprecipi-
tated with an anti-KA2 antibody, Ga,,;; was coimmunoprecipi-
tated as well, albeit weakly, probably because the anti-KA2 anti-
body is directed against the C-terminal domain, which is likely
necessary for interaction with Gey,,; (data not shown). We also
verified that there was no significant downregulation of Geyyy, in
KA2 ™'~ mice (87 % 11%; n = 3 compared with wild type; data
not shown). These results suggest that Ga, (and/or Gay,,) is the
G-protein linking (directly or indirectly) KA2 to the modulation
of I ,1;p in CA3 pyramidal cells.

Synaptic regulation of I ,;p by KARs at mossy fiber synapses

KARs containing GluR6 and KA2 are present at mossy fiber syn-
apses on CA3 pyramidal cells (Contractor et al., 2003). To test the
possibility that synaptically released glutamate activates the met-
abolic cascade linking KARS to I, ;;p, we delivered trains of stim-
uli to the dentate granule cell layer to recruit mossy fibers, and we
observed the effect of these trains on I , j;p. With AMPA receptors
were selectively blocked by GYKI 53655 (50 uM), trains of stimuli
evoked EPSCs with the characteristic features of mossy fiber syn-
aptic currents (Fig. 3A) (see Materials and Methods). I ,;p am-
plitude measured 350 ms after the last train was reduced by 24 +
5% (n = 14; p < 0.01) after three consecutive trains of five stimuli
(20 Hz, 1 s interval) (Fig. 3B). A similar level of I, ,;p amplitude

The KA2 subunitis responsible for the modulation of /,,, in CA3 pyramidal cells. A, Immunostaining of hippocampal
sections from wild-type, GluR6 ~/~, and KA2 ~/~ mice with anti-GluR6/7 and anti-KA2 antibodies. Both antibodies labeled
stratum lucidum but not stratum radiatum and show a loss of KA2 immunoreactivity in the CA3 region in GluR6 '~ mice. B,
Western blot analysis of KA2 proteins in hippocampal membranes prepared from wild-type, GluR6 ~/~, and KA2 transgenic mice.
To quantify the relative amount of proteins in each lane, Western blots were probed with a tubulin antibody. KA2 protein was not
detected in KA2 ~/~ mice and greatly reduced in GluR6 ~/~ mice (87% of the wild-type amount). €, Using an anti-GIuR6
antibody, a G-protein labeled by the anti-Ge,;, antibody was coimmunoprecipitated with the KA2 and GluR6 subunit in wild-
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depression was observed when the experi-
ment was repeated at 32°C (27 £ 6% de-
pression; n = 6; p > 0.1 compared with
results at room temperature; data not
shown), albeit with an accelerated run-
down of the I,y amplitude. Synaptic
modulation of I, was specific to the
mossy fiber pathway, because no signifi-
cant depression of I, amplitude was
observed by activating perforant path syn-
apses (12 = 6% depression; n = 5; p > 0.1)
(Fig. 3C) or the associational/commissural
~ pathway (9 = 1% depression; n = 4; p >
0.1; data not shown). This finding is in
agreement with the presence of postsynap-
tic KARs and high-affinity KA binding
sites in stratum lucidum (Monaghan and
Cotman, 1982), in which mossy fibers ter-
l minate (Amaral and Dent, 1981).

In contrast to KA bath application, the
amplitude of I ,yp rapidly recovered to
baseline level after mossy fiber activation

& (Fig. 3B). Because the modulation of I p
might be subject to dialysis of internal con-
stituents of the cell, we repeated those ex-
periments by using nystatin perforated-
patch recordings. With perforated-patch
recordings, trains of stimuli eliciting
mossy fiber responses decreased I, ;;p am-
plitude by 29 = 5% (n = 5; p < 0.05 com-
pared with just before the train), with a
similar time course as that observed in
whole-cell experiments (data not shown).
Thus, the reversible depression of I re-
ported here does not depend on the loss of
an important intermediate between KARs and I,p channels.
Increasing the interval between trains of stimuli and the test pulse
for I, yp induction from 350 ms to 10 s showed that the modu-
lation was abolished only if I ,;;» was induced >5 s after trains
(I app inhibition for 10 s delay, 4 = 6%; n = 5) (Fig. 3D). The
presence of a depression of I, ,yp, elicited long after synaptic ac-
tivation, is consistent with the hypothesis that metabolic cascades
are activated by KARs when glutamate is released.

The firing frequency of dentate granule cells is normally low
(<1 Hz). However, the frequency can increase greatly (10—40
Hz) when rats enter the place field of a granule cell (Jung and
McNaughton, 1993). As predicted, a greater inhibition was
evoked at 100 Hz (three trains of five stimuli; 1 s interval; 36 = 1%
depression; n = 4) compared with the inhibition of I, ob-
tained with 20 Hz stimulation (three trains of five stimuli; 1 s
interval; 27 = 2% depression; n = 4) (Fig. 3E). A lesser inhibition
of I 51;p was observed with a single train of five stimuli (19 = 3%
depression at 100 Hz; n = 4). Thus, inhibition of I, by synap-
ticactivation of KARs was dependent on the frequency and num-
ber of stimulus trains. However, I ,;p inhibition was in all cases
reversible even when the number of stimuli within individual
trains was increased (three trains of 100 stimuli at 20 Hz; 1 s
interval; n = 3; data not shown). Moreover, high-frequency
trains of stimuli used to induce long-term potentiation at mossy
fiber synapses (three trains at 100 Hz for 1 s; 10 s interval; n = 3)
resulted in an inhibition of I yyp (39 £ 9% depression; n = 3),
which was fully reversible within 30 s. Furthermore, no signifi-
cant inhibition of I, ;» was observed with high-frequency stim-
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Figure3. Endogenous glutamateinhibits /., via KARs. A, Left, Sample recordings showing

the prominent facilitation of EPSCs evoked by trains of stimuli (20 Hz) applied to the dentate
gyrus (d.g.) in the absence (Ctrl) and presence of GYKI 53655. Blocking AMPA/KA receptors with
GYKI 53655 (50 um) revealed the characteristic slow KAR-EPSCs, with frequency-dependent
facilitation of postsynaptic currents in CA3 pyramidal neurons (average of 5 traces). Right,
Superimposed traces showing consecutive sample recordings of KAR-EPSCs in the presence of
GYKI 53655 (50 wum), induced by trains of stimuli (20 Hz) at 1 s interval, in the absence (Ctrl),
presence (LCCG-1), and after the washout of LCCG-1 (10 wm). These characteristics point to
KAR-EPSCs with a physiological and pharmacological profile typical of mossy fiber synapses. B,
Time course of |, amplitude (n = 14) in whole-cell mode showing a reversible decrease after
20 Hz tetanic stimulation in the dentate gyrus as indicated by the arrows. After obtaining a
stable I, three trains of five stimuli (20 Hz) were delivered at 1 s interval, and /,,, was
resumed 350 ms later. Insets show (top) sample recordings of /,,,,, before (average of 3 traces),
350 ms after the first series of trains (single trace), and after recovery; (bottom) average of five
KAR-EPSCs evoked by the trains of stimuli. €, Effect of perforant-pathway (p. path) activation on
I anp- The same protocol as that applied for dentate stimulation was used to activate perforant-
path synapses. AMPA receptors were not blocked, and /,,,» was resumed 350 ms after the last
train. The amplitude of /,,,, plotted against time illustrates a nonsignificant decrease after
trains of stimuli were delivered at the perforant path as indicated by the arrows. Sample traces
(top) show I, before (average of 3 traces) and 350 ms after the last train of stimuli (single
trace); average of five EPSC traces (bottom) evoked by the trains of stimuli. D, Summary chart
showing that increasing the interval between trains of stimuli and the test pulse for /,,p
induction from 350 ms to 5 s resulted in /,,,, inhibition (0.5 s delay, 24 = 4%, n = 5;2 s delay,
25 = 4%, n = 4;5sdelay, 23 == 5%, n = 3), which showed no significant difference from that
obtained with a delay of 350 ms (p > 0.1; n = 6). E, Increased stimulus frequency yields
greaterinhibition of /. The bar chart shows / ,,,» inhibition in each condition (average of 3— 4
cells per condition). The antagonist mixture contained TEA (5 mm), PTX (100 um), APV (50 pem),
(GP 55845 (5 um), LY 341495 (100 um), and GYKI 53655 (50 wum), except in G, in which GYKI
53655 was omitted. *p << 0.05; **p << 0.01.

ulation applied to the associational/commissural pathway (9 =
4% depression, n = 3 at one train of five stimuli at 100 Hz; 11 =
4% depression, n = 3 at three trains of five stimuli at 100 Hz; data
not shown). This contrasts with the irreversible depression of
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I opp observed in CA1 pyramidal cells with 100 Hz stimulation of
the Schaffer collateral pathway (Melyan et al., 2004) but is con-
sistent with the regulation of I, ;p by mGluR agonists (Young et
al., 2004). We repeated the experiments (three trains of five stim-
uli at 20 Hz; 1 s interval) in the presence of DL-threo-h-
benzyloxyaspartate (TBOA) (50 uM), to see whether activation of
putative extrasynaptic KARs might result in an irreversible inhi-
bition of I 5;p. We saw no difference in the amplitude of KAR-
EPSCs or in the depression of I,y after the stimulus trains be-
fore and after TBOA application (n = 4; p > 0.1) (data not
shown). We confirmed that synaptic activation of KARs de-
presses I ,;;p by adding the AMPA/KA receptor blocker NBQX to
the mixture of antagonists. NBQX (25 uM) not only suppressed
KAR-EPSCs but also blocked the synaptic modulation of I, ;p in
whole-cell (7 = 4% depression; n = 7; p < 0.01 compared with
stimulus trains without NBQX) (Fig. 4A,F) and perforated-
patch (n = 5) (Fig. 4F) experiments. It is known that I ,;;p can be
modulated by the activation of serotoninergic (5-HT), dopaminer-
gic (DA), noradrenergic (NE), and cholinergic (ACh) receptors.
Blockade of NE (propanolol, 1 uM; coryanthine, 5 uM; yohimbine, 5
uM), 5-HT [SB-269970 [(2R)-1-(3-hydroxyphenyl)sulphonyl-2-
2-(4-methyl-1-piperidinyl)ethylpyrrolidine], 0.1 um; ketanserin,
10 um; WAY 100635 (N-[2-[4-(2-methoxyphenyl)-1-piperazi-
nyl]ethyl]-N-(2-pyridinyl)cyclo-hexane carboxamide trihydro-
chloride), 1 um)], DA [SCH-23390 (R(+)-7-chloro-8-hydroxy-
3-methyl-1-phenyl-2,3,4,5-tetrahydro-1H-3-benzazepine
hydrochloride), 10 uMm; sulpiride, 20 um] and ACh (atropine sul-
fate, 1 um) receptors did not enhance or diminish the level of
I zyp inhibition (28 * 2%; n = 6; p > 0.1 compared with in the
absence of monoamine or cholinergic antagonists; data not
shown). Hence, these results eliminate the possibility that NBQX
could have acted on putative presynaptic KARs on monoamine
or cholinergic modulatory fibers. Preincubation of slices with 1
M calphostin C, an inhibitor of PKC, for 2—4 h blocked I
inhibition after trains of stimuli (n = 5) (Fig. 4B, F). We used the
PLCB inhibitor U73122 (1-[6[[(178)-3-methoxyestra-
1,3,5(10)-trien-17-yl]Jamino]hexyl]-1H-pyrrole-2,5-dione) (10
uM), and its inactive form U73343 (1-[6-((17B-3-methoxyestra-
1,3,5(10)-trien-17-yl)amino)hexyl]-2,5-pyrrolidine-dione) (10
uMm), to verify the role of G-proteins and PLCR activation in I ,p
modulation. After incubating the slices for 1 h, U73122 blocked
poststimulus I ,yp inhibition (8 = 3% depression; n = 5) (Fig.
4C,F), unlike U73343 (29 = 5% depression; n = 5; p < 0.01) (Fig.
4D, F). Furthermore, addition of GDP--s (0.5 mMm) into the patch
pipette resulted in a blockade of I, , ;;p modulation and a stabilization
of rundown (Fig. 4E). An accentuation of rundown was observed
when GTP-vy-s (0.1 mMm) was applied instead (Fig. 4E), suggesting
that G-protein activation was responsible for the rundown. Alto-
gether, these results argue that endogenous glutamate activates
KARs at mossy fiber synapses and modulates I, ,;;p via G-protein,
PLCR, and PKC activation.

To investigate the physiological relevance of the modulation
of I yip by KARSs, we examined the effect of stimulus trains on
action potential discharge and spike frequency in CA3 pyramidal
cells. We evoked spike discharge by applying a 200 pA depolariz-
ing pulse for 1 s in the current-clamp mode. Under control con-
ditions, a burst of spikes (3.2 £ 0.3 spikes; n = 4) was evoked at
the beginning of the pulse. When the somatic depolarizing pulse
was applied 350 ms after a train of stimuli that evoked KAR-
EPSPs in CA3 pyramidal cells, the number of spikes elicited re-
versibly increased to 5.0 = 0.5 (n = 4; different from control, p <
0.01) (Fig. 5). Thus, activation of KARs by endogenous glutamate
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Figure4. Pharmacological features of /,,,, modulation by synaptically released glutamate
from mossy fibers. 4, Plot of /4, amplitude showing that bath application of NBQX (25 rum)
blocked poststimulus depression of /,,, (Whole-cell recordings; n = 7). Top traces show sam-
ple recordings of /_,,p in the presence of NBQX, before and after trains of stimuli were delivered
to the dentate granule cell layer (d.g.). KAR-EPSCs were concomitantly blocked by NBQX as
illustrated in middle inset. B, Plot of /., amplitude showing that preincubation of slices with
calphostin C(Calph G; T um; n = 5) reduced poststimulus modulation of /., without affecting
KAR-EPSCs. Insets, Top, Sample recordings of /,, before and after stimulus trains in the pres-
ence of calphostin C; bottom, KAR-EPSCs in the presence of calphostin C. C, D, Plot of /,,,
amplitude showing that preincubation of slices with U73122 (10 m; n = 5) or U73433 (10 um;
n = 5) reduced and unaffected poststimulus modulation of /4, respectively, without affect-
ing KAR-EPSCs. Insets, Top, Sample recordings of /,,, before and after stimulus trains in the
presence of U73122 and U73433, respectively; bottom, KAR-EPSCs in the presence of U73122
and U73433, respectively. E, Effect of GDP-B-s (0.5 mw; filled circles) and GTP--s (0.1 mwm;
open circles) on/, ,,, amplitude during trains of stimuli applied to the dentate gyrus. F, Bar chart
summarizing the magnitude of stimulus-induced /,,, inhibition obtained with perforated-
patch and whole-cell recordings, as well as the effect of different pharmacological treatments
on /e modulation. **p < 0.01.

not only depolarizes CA3 pyramidal cells but also increases postsyn-
aptic excitability by inhibiting the slow afterhyperpolarization.

Role of GluR6 and KA2 in the bimodal function of

synaptic KARs

We further determined the role of KA2 in the modulation of I, ;p
induced by activation of synaptic KARs at mossy fiber synapses in
KAR subunit mutant mice. Mossy fiber EPSCs were fully blocked
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Figure 5.  Regulation of spike frequency and excitability by synaptic KARs in CA3 pyramidal
cells. A, Sample traces evoked by a 1 depolarizing pulse taken from wild-type and KA2 '~
mice, before (left) and after (right) trains of stimuli applied in the dentate gyrus (d.g.) (3 trains
of 5 stimuli; 20 Hz). Middle traces illustrate KAR-EPSPs evoked by a single train of stimuli. An
increase in the number of spikes after trains of stimuli was observed in wild-type mice only.
Membrane potential was —60 mV. B, Bar chart shows the average number of spikes
(mean = SEM) before and after trains of stimuli, indicating a significant increase in
excitability in wild-type (n = 4) but not KA2 /= (n = 4 cells, from 3 mice) mice. The
increase in spike number observed in wild-type mice returned to baseline value 30 s after
stimulation (recovery). **p < 0.01.

by the AMPA receptor antagonist GYKI 53655 in GluR6 ~/~ mice
but not in KA2 ~/~ mice (Fig. 6A, B), in which the amplitude of
KAR-EPSCs is comparable with that obtained from wild-type
mice (Fig. 6 B) (Mulle et al., 1998; Contractor et al., 2003). Trains
of stimuli that elicited mossy fiber responses had little effect on
Iyup amplitude in neither GluR6 '~ nor KA2 ~/~ mice (Fig.
6C-E), despite the presence of GluR6 subunits and KAR-EPSCs
in the latter. Similarly, the effect of stimulus trains on pyramidal
cell firing recorded in current-clamp mode was absent in KA2 '~
mice (3.0 = 0.5 in control conditions; 3.0 = 0.5, 350 ms after the
train of stimuli; p > 0.1; n = 4 cells) (Fig. 5). These results indi-
cate that KA2 plays a critical role in the synaptic regulation of
I aup> independently of ion fluxes responsible for KAR-EPSCs.
Hence, GluR6 and KA2 subunits that constitute postsynaptic
KARs at mossy fiber synapses seem to subserve distinct functions.
GluR6 is necessary for the ionotropic action of postsynaptic
KARs, whereas KA2 appears to be indispensable for the metabo-
tropic function. We reasoned that ionotropic and metabotropic
actions mediated by KARs could be dissociated by the use of
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Figure 6.  Absence of synaptic modulation of /., in GIuR6 ~'~ and KA2 '~ mice. A, B,
Sample traces showing the average of five consecutive EPSCs taken from GIuR6 ~/~ and
KA2 ~/~ mice, before (Ctrl) and after addition of GYKI 53655 (50 uum). Trains of EPSCs displayed
facilitation and disappeared during application of GYKI 53655 in GIuR6 '~ mice, confirming
that they were mediated by AMPA receptors. In slices from KA2 /™ mice, trains of stimuli
elicited KAR-EPSCs with marked summation typical of mossy fiber responses. €, D, Plots of /y,p
amplitude showing the lack of synaptic modulation of /., ,p in GIuR6 —/~ (n = 5)and KA2 ~/~
(n = 6) mice. Insets show /,,, before (averages of 3 traces) and after (single trace) the first
series of trains. E, The decrease in / ,,, amplitude after trains was 7 = 2% (n = 5 cells from 3
mice; p < 0.05 compared with wild-type mice) and 5 = 3% (n = 6 cells from 3 mice; p <
0.01), in GluR6 ~/~ and KA2 ~/~, respectively, compared with that obtained in wild-type
mice. *p << 0.05; **p < 0.01. Ctrl, Control; d.g., dentate gyrus.

pharmacological agents that preferentially interact with gluta-
mate binding sites on GluR6 and KA2, respectively. For instance,
KA binds to KA2 with a higher affinity than to GluR6 (Herb et al.,
1992). We applied a low concentration of KA (5 nm) and analyzed
the effect on KAR-EPSCs and on the magnitude of stimulus-
induced I, modulation. Stimulus trains only induced a small
inhibition of I ,;p in the presence of KA 5 nM compared with
untreated slices (9 = 4% I, ,;;p amplitude reduction; n = 3) (Fig.
7A,C), suggesting that KA occluded I, ,;;p modulation by synap-
tically released glutamate. Concomitantly, KA reduced the am-
plitude of KAR-EPSCs by only 25 * 5% (both the first and fifth
EPSCs; n = 3). This reduction of KAR-EPSC amplitude was am-
plified at 50 nM (reduction by 34 = 5%; n = 3; data not shown)
and was reversible during KA washout, whereas inhibition of
Iap remained (Fig. 1 A). No change in facilitation of trains of
AMPA EPSCs (without GYKI 53655) was observed before and
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Figure 7.  Pharmacological manipulation of ionotropic and metabotropic functions of syn-

aptic KARs. A, Occlusion of the metahotropic action of KARs by low concentration of KA (5 nw).
Top, Sample traces (average of 5 traces) showing mossy fiber KAR-EPSCs without (Ctrl) and in
the presence of KA. KA (5 nm) moderately reduced KAR-EPSC amplitude. Bottom, Plot showing
little effect of mossy fiber synaptic modulation of /,,p in the presence of KA (5 nu) (n = 3).B,
Inhibition of KAR-EPSCs by Kyn (1 mm) and lack of effect on / ,,» modulation. Top, Sample traces
(average of 5 traces) show KAR-EPSCs in a CA3 pyramidal cell without (Ctrl) and with kynurenic
acid (1 mm). KAR-EPSCs were primarily inhibited by kynurenicacid (n = 4). Bottom, Plot of
amplitude in the presence of kynurenic acid (1 mu), before (Ctrl) and after stimulus trains (Kyn,
recovery) showing a reversible modulation. Insets in A and B show sample recordings of /.,
before (average of 3 traces) and after (single trace) stimulus trains. C, Bar charts summarizing
the effect of KA (5 nm) and kynurenicacid (1 mm) on the magnitude of mossy fiber synaptic/ ,p
inhibition and KAR-EPSCs. *p << 0.05; **p < 0.01. d.g., Dentate gyrus.

after the application of 5 nM KA (n = 4; p > 0.1; data not shown),
suggesting that the KAR-EPSC reduction was postsynaptic. These
data suggest that low nanomolar KA preferentially occludes the
metabotropic action of KARs possibly by binding with a higher
affinity to the KA2 glutamate binding site. Conversely, the com-
petitive glutamate receptor antagonist kynurenic acid (Kyn),
which differentiates between GluR6 and GluR6/KA2 receptors by
antagonizing glutamate currents at GluR6 (Alt et al., 2004), in-
hibited KAR-EPSCs in a dose-dependent manner with an IC5, of
0.49 mM. At a concentration of 1 mMm, Kyn decreased KAR-EPSC
amplitude by 71 = 4% (n = 4) but surprisingly increased I 5 p
inhibition induced by activation of mossy fiber synapses (35 =
4% amplitude reduction; p < 0.05 compared with untreated
slices) (Fig. 7 B, C). These experiments suggest that the ionotropic
and metabotropic actions mediated by postsynaptic KARs at
mossy fiber synapses can be differentially antagonized by com-
petitive ligands with different affinities for GluR6 and KA2.

Discussion

Several experiments have recently suggested that KARs not only
function as ionotropic glutamate receptors but that they can also
initiate a second-messenger cascade involving G-protein activa-
tion (Lerma, 2003). In particular, activation of KARs inhibits
I ayp elicited in pyramidal cells via G-protein and subsequent
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PKC activation (Melyan et al., 2002, 2004; Fisahn et al., 2005), thus
signaling through a metabotropic route that enhances cortical excit-
ability. Here we identify KA2 as the potential key subunit linking
KARSs to the regulation of cortical excitability, possibly through a
specific interaction with G, a G-protein involved in the regulation
of I zppp (Krause et al., 2002). We show for the first time that postsyn-
aptic KARs can operate simultaneously through both ionotropicand
metabotropic signaling. We propose that this bimodal activity of
KARs is mediated by the binding of glutamate to two KAR subunits
in a heteromeric complex, namely GluR6 and KA2.

Modulation of I ,;p at mossy fiber synapses onto CA3
pyramidal cells

We confirm that activation of KARs with KA inhibits I ,;;p in
CA3 pyramidal cells (Fisahn et al., 2005). We further demon-
strate that synaptic activation of KARs at the mossy fiber synapse
inhibits I ,;;p in CA3 pyramidal cells, similar to what has been
reported in the CA1 region (Melyan et al., 2002, 2004). The slow
Ca**-activated K™ current I, ;;p, which follows a train of action
potentials, is a privileged target for modulation of cell excitability
by transmitter receptors. mGluRs (Heuss et al., 1999; Young et
al., 2004), as well as cholinergic, monoaminergic, corticosteroid,
and vasoactive intestinal peptide receptors, inhibit I, in the
cortex and subcortical areas of the brain (Sah and Faber, 2002;
Vogalis et al., 2003). We tested different stimulation protocols to
induce glutamate release and KAR activation and found that the
extent of I,y inhibition was amplified with repeated trains of
stimuli that activated mossy fiber synapses. However, in all in-
stances, the amplitude of I ,;p returned to baseline level within
30 s. This temporal window of I ,;;p regulation by endogenous
glutamate acting at KARs is compatible with an effect mediated
by G-protein and protein kinase activation (Cox et al., 1994;
Heuss et al., 1999; Cunha et al., 2000; Haug and Storm, 2000;
Rodriguez-Moreno et al., 2000). This reversibility in CA3 pyra-
midal cells contrasts with the long-lasting inhibition of I, p ob-
served in CA1 pyramidal cells when the Schaffer collateral path-
way is activated (Melyan et al., 2004). The reason for this
difference is unclear and might involve distinct KARs or distinct
I app channels. KARs involved in I,y modulation in CA1 pyra-
midal cells are likely to be extrasynaptic receptors and hence pos-
sibly linked to a different transduction mechanism. The latter
might be a reason as well for the delayed and irreversible inhibi-
tion of I, ;;p by KA compared with synaptic activation of KARs at
the mossy fiber synapse in CA3 pyramidal cells. The conjunction
between activity-dependent summation of KAR-EPSCs (Castillo
etal., 1997; Vignes and Collingridge, 1997) and increased neuro-
nal excitability through I, ;;, modulation at mossy fiber synapses
could provide a powerful mechanism to recruit CA3 pyramidal
cells to firing threshold.

Bimodal function of KARs through GluR6 and KA2

The molecular basis of the metabotropic action of KARs is pres-
ently unknown. Our results provide a first insight into these
mechanisms. GluR6 has been proposed to account for KA-
induced inhibition of I ,;;p (Melyan et al., 2002), because regu-
lation of I, ;;p was absent in GluR6 ~/~ mice (Fisahn et al., 2005)
(this study). In fact, we propose that the lack of I, ;; inhibition in
GluR6 /™ mice is a consequence of the loss of the KA2 protein in
CA3 pyramidal cells. Indeed, immunohistochemical labeling
in the CA3 region clearly demonstrated the lack of KA2 immu-
noreactivity in GluR6 '~ mice. This is consistent with results
showing that intracellular trafficking of KA2 is regulated by en-
doplasmic reticulum retention signals, which prevent the subunit

J. Neurosci., December 14, 2005 « 25(50):11710-11718 = 11717

expression at the plasma membrane in absence of one of the
GluR5-GluR?7 subunits (Ren et al., 2003). In addition, mutation
of the RXR retention signal allows surface expression of homo-
meric KA2, but these receptors remain refractory to ionotropic
activation (Ren et al., 2003), adding support to the notion that
KA2 does not act as an ionotropic subunit on its own. Neverthe-
less, KA2 does contribute to GluR5/KA2 and GluR6/KA2 recep-
tors (Swanson et al., 2002) and to KAR-EPSC kinetics (Contrac-
tor et al., 2003). Inhibition of I, ,;;p by KARs with low nanomolar
affinity for KA depends on KA2, consistent with an action on the
high-affinity KA binding site. Altogether, our results demon-
strate a novel specific role for KA2 as a critical link between KAR
activation and I ,p regulation.

KARs at the mossy fiber synapse are likely to be heteromeric
GluR6/KA2 receptors (Contractor et al., 2003). It is thus impor-
tant to understand the role played by the coassembly of GluR6
with KA2 in synaptic transmission and cellular excitability. The
difference in the sensitivity to KA in GluR6 versus GIuR6/KA2 is
small, with a slight increase in single-channel conductance re-
ported with this combination (Howe, 1996). Whereas glutamate
activates GluR6 and GluR6/KA2 steady-state currents with a sim-
ilar efficacy (Alt et al., 2004), it is not known whether the efficacy
of glutamate to activate the peak (nondesensitized) current is
changed by coassembly of the two subunits. In KA2 ™/~ mice,
mossy fiber KAR-EPSCs are preserved and are likely mediated by
GluR6 containing KARs. In these mice, inhibition of I ,;yp is not
observed strongly, suggesting that heteromeric receptors con-
taining both GluR6 and the KA2 subunit are necessary for inhi-
bition of I, p. One can suggest that GluR®6 is the necessary sub-
unit that drives KA2 to the plasma membrane and to synaptic
sites, in which this subunit can then play its role in the metabo-
tropic action of KARs. The ionotropic and metabotropic func-
tions of synaptic KARs at mossy fiber synapses have been sepa-
rated by pharmacological agents that preferentially bind to either
GluR6 or KA2 (Herb et al., 1992; Alt et al., 2004). We showed that
occupation of high-affinity KA binding sites with KA (5 nm) oc-
cluded poststimulus modulation of I ,p, with little effect on
KAR-EPSCs. Conversely, the competitive glutamate receptor an-
tagonist kynurenic acid (1 mm) blocked KAR-EPSCs but had
little effect on I ,;;p modulation. These results suggest that com-
petitive ligands, which bind differentially to heteromeric synaptic
KARs via either GluR6 or KA2 subunits, have differential effects
on the ionotropic and metabotropic actions of synaptic KARs.
Accordingly, we propose a hypothetical model of a single recep-
tor complex with a bimodal function for native KARs through the
binding of glutamate to two categories of sites at mossy fiber
synapses: (1) an ionotropic function mediated by glutamate
binding onto the GluR6 subunit and (2) a metabotropic function
requiring glutamate binding onto the KA2 subunit. It is, how-
ever, possible that two separate groups of receptor complexes,
and not one, are behind this dual function of KARs. In addition,
we do not exclude a strong functional interaction between the
binding sites of glutamate on the two subunits, when assembled
within the same receptor complex. The lack of information on
the biophysical properties of native KARs makes it difficult to
resolve this issue at the moment. Finally, it should be noted that
KA1l is another high-affinity kainate binding subunit also ex-
pressed by CA3 pyramidal cells that might contribute to postsyn-
aptic KARs at the mossy fiber synapse (Darstein et al., 2003),
although there are no indication as to its potential role. However,
our results strongly suggest the presence of a simultaneous bi-
modal function of KARs at the mossy fiber—CA3 synapse.

The precise molecular mechanisms that link KARs to the ac-
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tivation of G-protein-mediated cascades have yet to be elucidated.
Here we show that KARs interact with a G-protein (labeled by an
anti-Gayy; antibody) through KA2. Because Ga, and not Gayyy, is
specifically involved in the cholinergic and mGluR modulation of
I ap in CA1 neurons (Krause et al., 2002), it is possible that Ga

plays a similar role for KAR-induced I, modulation. Because
KA2 is necessary for the metabotropic action of KARs, we can spec-
ulate that interaction of KA2 with Ga, is a key element in the regu-
lation of I ,p. The cytoplasmic C-terminal domains of KAR sub-
units and splice variants show a high degree of divergence and are the
privileged targets for binding to cytoplasmic partner proteins (Jas-
kolski etal., 2005). It will be important to determine, using biochem-
ical approaches, whether Ga, directly or indirectly binds to KA2 and
how this interaction is linked to G-protein activation.
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